The long-term pathomorphological changes of the injured vessels under angiotensin-converting-enzyme (ACE) inhibitor are still not known. Therefore, we assessed the alternations of vascular architecture after three-month therapy with ACE inhibitor and identified new target cells for this medication. Carotid arteries of spontaneously hypertensive rats underwent balloon angioplasty. 14 days prior intervention, half of the animals was treated with ACE inhibitor. After three months of vascular trauma, the injured vessels were explored by histomorphology and immunohistochemistry for angiotensin-II receptor (AT1R), dendritic and HSP47+ cells. The neointimal growth decreased significantly only up to 28 days under ACE inhibitor. In contrast, the reductive effect of ACE inhibitor on media area persisted up to three months after intervention. A significant fraction of early neointimal cells was of a dendritic cell type. The relevant portion of these cells showed an expression of AT1R and HSP47. AT1R was present in 70% and HSP47 in 18% of all early neointimal cells in both groups. ACE inhibitor may at least temporarily diminish remodelling processes in injured vessels. The detection of AT1R on dendritic cells identifies these cells as important targets for therapeutic strategies involving modulation of the renin-angiotensin system. © Versita Sp. z o.o
Introduction
Restenosis is the most important complication that limits long-lasting positive results after angioplasty [1] . An inadequately controlled hypertension is a risk factor for cardiovascular events and repeated revascularisation procedures after interventional therapy [2, 3] . The renin-angiotensin system via its angiotensin-II receptor (AT1R) plays a key role in regulating many intra-and extracellular processes such as proliferation, migration and matrix synthesis [4] . The inhibitors of angiotensinconverting-enzyme (ACE) or AT1R are known to exert vasoprotective effects, especially among high risk patients [5, 6] . However, some studies showed only limited effect of this medication on the long-term vascular changes [7] . Therefore, the goal of our present work was to assess the influence of hypertension on the vessel remodelling after balloon angioplasty and to determine the time-dependent effects of ACE inhibitor on the neointima development within an observation period of three months in a hypertensive rat carotid model.
Because AT1R-mediated reactions may augment inflammatory response in injured vessels [8] , another goal of our study was to identify dendritic cells as initiators of immune processes as well as to prove if there is a direct link between inflammation and the renin-angiotensin system in terms of dendritic cells bearing AT1R on their surface.
Material and Methods

Rat carotid balloon angioplasty
Male spontaneously hypertensive rats (age: 2-3 months, weight: 250-350g; Charles River, Sulzfeld, Germany) were divided into two groups: 1) with ACE inhibitor and 2) without ACE inhibitor (n=6 per time point for each group). In the first group the ACE inhibitor Benazepril (Ciba Geigy GmbH, Germany) was applied in a dose of 3 mg/kg/day for 14 days prior to the injury and was given daily until the vessel excision. Normotensive male Sprague-Dawley rats (age: 2-3 months, weight: 350-500g; Charles River, Sulzfeld, Germany) served as controls. The animals were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg; Parke-Davis Inc., Berlin, Germany) and xylazine (15 mg/kg; Bayer Inc., Leverkusen, Germany). To minimize the risk of heart arrhythmias atropine (0.05mg/kg body weight) was applied (Pharma Hameln, Hameln, Germany). Under anesthesia the animals were placed on their back with an over-extended head and an incision was performed on the neck over the carotid artery. The bifurcation of the left common carotid artery was carefully exposed and an external carotid artery was temporary occluded by a single ligature. Balloon angioplasty was performed using a Fogarty 2F balloon embolectomy catheter (Baxter Corp., München, Germany) which was inserted through a stab incision up to the aortic arch and insufflated with 0.02 ml air. Thereafter, it was removed under rotating movements. The procedure was repeated three times. Finally, the wound was closed by stapling. The right carotid artery was surgically exposed in the same way as the left one but without injury and served as a control. At different time points after vascular trauma (0-3 months) both carotid arteries were excised and fixed in buffered 4% formaldehyde for histomorphology and immunohistochemistry. Animal studies were approved by the local ethics committees (Committee for the Care and Use of Animals of the Government of Oberbayern, Germany, AZ 211-2531) and the experiments were performed according to the "Guide for the Care and Use of Laboratory Animals" (National Research Council 1996).
Histological analysis
A computer-assisted morphometric system (VFG-1-graphic card/VIBAM 0.0 Software) was used to count defined nuclei per selected area. Five randomly selected fields per compartment (neointima or media) per cross section were analyzed in order to determine the cellularity and the percentage of labelled cells expressed as the number of positive cells per total number of cells for each layer. The total cell number per vessel compartment was calculated as a result of multiplication of cell density and compartment area. Lumen size and area within lamina elastica externa (EEL) were determined by manual revolving of corresponding areas and consecutive automatic computation.
In order to compare the parameters of vessel remodelling between hypertensive rats and normotensive Sprague-Dawley rats, which are larger and heavier than the former, the neointima area was expressed as a percentage rate of media area ((neointima area/media area)*100%).
Immunohistochemistry
Immunohistochemistry was performed in 4 µm paraffinembedded arterial cross section after preparation in xylol and alcohol as well as proteolysis with either 3% citrate (pH 6.0) or target unmasking fluid (PanPath Inc., Amsterdam, the Netherlands). Non-specific antibody binding sites were blocked by fetal calf serum (1:50 for AT1R, 1:25 for OX-62, HSP47 and TLR-2, 1:20 for S100) or rabbit serum (1:20 for CD86, 1:10 for fascin) for 30 minutes. Then the specific antibodies either of monoclonal (for dendritic cells: mouse anti-OX-62, 1:20, clone Maus, IgG1k, Pharmingen, Heidelberg, Germany; mouse anti-fascin, 1:50, clone 55K-2, Dako, Hamburg, Germany; mouse anti-CD86, 1:100, clone 24F, Pharmingen, Heidelberg, Germany; for HSP47+ cells: mouse anti-HSP47, 1:1000, clone Mouse, IgG1, M16.10A1, Calbiochem, Schwalbach, Germany) or polyclonal (for dendritic cells: goat anti-TLR-2, 1:100, Abcam, USA; rabbit anti-S100, 1:100, Sigma, München, Germany; for AT1R+ cells: rabbit anti-AT1R, 1:100, Santa Cruz, Heidelberg, Germany) origin were used. The visualisation of antibody marked proteins occurred with the APAAP technique (Alkaline Phosphatase AntiAlkaline Phosphatase; Boehringer, Germany) and Fast Red (4-Chloro-2-Methylbenzendiazonium/3-Hydroxy-2-Naphthoesäure2,4-Dimethylanilide Phosphate; Sigma, Germany). The nuclei were counterstained with hematoxylin (Merck, Germany).
Double immunostaining
In order to identify cells positive for two different markers, the double immunohistochemistry was accomplished. The first staining was performed with specific antibodies against S100 and HSP47, as described above. Consecutively, sections were incubated with antibodies against AT1R and OX-62. Bound antibodies were visualized by APAAP method and the second chromogen Fast Blue (5-Bromo-4-Chloro-3-Indolylphosphat/Nitro Blue Tetrazolium; Sigma, Germany). To improve the detection of Fast Blue immunostaining, hematoxylin nuclear staining was omitted. Tissue sections without application of specifi c antibodies served as negative controls, according to previous reports [9, 10] .
Statistical analysis
The SPSS for Windows (Version 11.0, SPSS Inc., USA) was used for statistical analysis. All values were expressed as mean ± standard deviation. The calculation of signifi cant differences between two groups occurred by means of two-tailed unpaired Student t test. Two-tailed bivariate correlations were determined by the Pearson coeffi cient. A value of p<0.05 was defi ned as statistically signifi cant.
Results
The morphological data of the cross sections of injured rat carotid arteries, particularly the lumen areas, did not show any relevant differences between spontaneously hypertensive rats with (SHR+) or without medication (SHR-) immediately after balloon angioplasty. Single neointimal cells were detected as early as 7 days post ballooning. With the time course, the neointimal area increased for both groups (Figure 1) . At day 28, the neointima area was 16% smaller in medicamentously treated rats compared to that in hypertensive rats without drugs. At 3 months, these differences were not detectable any more. Parallel to the neointima enlargement, the lumen surface showed a decreasing tendency up to day 14 for both groups (day 4: SHR+: 0.15±0.03mm 2 , SHR-: 0.20±0.03mm 2 ; day 14: SHR+: 0.07±0.04mm 2 , SHR-: 0.11±0.03mm
2 ). At day 28, the lumen area increased in SHR+ and was signifi cantly greater than that of SHR-(0.10±0.03mm 2 , 0.06±0.01mm 2 , resp., p<0.05). From that time point, the lumen surface increased slightly for both groups without differences between them at three months (Figure 1 ). Moreover, a signifi cant reduction of the media area in SHR+ vs. SHR-was detected from day 70 reaching the greatest difference between these groups at 3 months (p<0.05, Figure 1) . The lamina elastica externa (EEL) area for the vessel remodelling demonstrated constant values for early time points up to day 28 and a tendency towards increasing cross sectional areas in SHR+ and SHR-at later time points as a result of constructive rather than constrictive remodelling.
Interestingly, a comparison of morphological parameters between the hypertensive animals with or without medication and normotensive Sprague-Dawley (SD) rats presented higher neointima/media ratios in untreated hypertensive rats vs. normotensive ones across the time points studied (p>0.05). At day 28, the neointima/media ratio was the lowest in the ACE inhibitor group (SHR+: 103±17% vs. SHR-: 134±18%, p<0.05; SHR+: 103±17% vs. SD: 124±50%, p>0.05, data not illustrated).
The analysis of the neointimal cellularity (cells/mm 2 ) showed a signifi cant increase in the cell density in SHR+ vs. SHR-at day 28 (p<0.05) with a trend towards normalization in mature neointima (Figure 2 ). In contrast, the total cell number in neointima was similar for SHR+ and SHR-at all time points (Figure 3) .
The characteristics of neointimal cells in early neointima showed a relevant portion of these cells to be of a dendritic cell type with typical cell markers like S100, fascin, OX-62, TLR-2 and CD86 (Figures 4, 5A) . With ongoing neointima formation, the expression of these cells decreased and was found predominantly in luminal layers of the neointima. There were no differences in expression of dendritic cells between the groups. Of note, the dendritic cell markers such as TLR-2 pointing to their early stage of differentiation were present in the incipient neointima. With time, they were partly replaced by markers typical for mature dendritic cells (CD86). The relevant portion of these cells showed an expression of AT1R at all time points studied ( Figure 5C ). AT1R was present in overall 70% of all early neointimal cells (Figure 5B) . Over the course of time the density for AT1R signifi cantly reduced.
Interestingly, dendritic cells were also positive for collagen specifi c HSP47 protein ( Figure 5D ) which was strongly expressed in early neointima and reduced thereafter with a consecutive matrix accumulation (Figure 6 ). HSP47 expression was signifi cantly higher in SHR+ vs. SHR-at day 28 (p<0.05). At the time point of 3 months there were no relevant differences in HSP47 expression between both groups ( Figure 6 ). 
Discussion
Our present data demonstrated an unfavourable effect of balloon angioplasty on the remodelling of carotid arteries in hypertensive rats. This effect could be at least temporarily diminished due to the application of the ACE inhibitor. Increased neointima formation was also found in spontaneously hypertensive rats 14 days after balloon injury. This process was partly reversible under ACE inhibitor/AT1R blocker in the same time frame post ballooning [11] . Similar observations were made in both normotensive and hypertensive rat models of neointima formation 2 weeks after ballooning [12] . However, the application of ACE inhibitor in hypertensive rats may be not as benefi cial in prevention of neointimal thickening as in normotensive ones [13] . Further, the effi cacy of such therapy may depend on age [14] , way of application [15] and degree of atherosclerosis [16] . Unfortunately, some studies of primate or human tissues did not confi rm the benefi cial effects of this medication on the long-term changes of the vascular architecture [7, 17] . This discrepancy could result from the investigation using mostly early time points after the procedure in diverse animal models [18, 19] . Our work provided results which show morphological changes of the vessel underlying the attenuated effectiveness of ACE inhibitor in clinical trials [20, 21] . Namely, the neointima reduction under ACE inhibitor application was seen exclusively in early phase after injury pointing to a time-limited action of this medication on the neointimal development. Interestingly, ACE inhibitor not only failed to infl uence the growth of the mature neointima, but above all, the changes induced by this drug were reversible and the neointima could reach the comparable dimension with the group without drugs.
The only effect of ACE inhibitor that persisted up to 3 months after balloon angioplasty was a signifi cant reduction of the media hypertrophy. It could not be explained solely due to the depletion of circulating angiotensin under ACE inhibitor alone which was after all the same as for the neointima. In fact, the walling of media by the rising neointima with consecutive ceasing of e.g. other AT1R stimulants may have been responsible for this effect.
The hypertension effects on the neointimal growth seemed not to be mediated by the increased AT1R upregulation, as there were no differences in expression of this receptor type between the groups. On the other hand, the application of ACE inhibitor tended to exert protective vascular changes beyond an isolated antihypertensive effect. This fi nding is in line with other works investigating underlying mechanisms other than antihypertensive mechanism of action of this drug group [22] [23] [24] .
The relatively constant cell number in neointima of hypertensive rats with or without medication implicates little infl uence of ACE inhibitor on the net cell turn over in our model. Also Wong et al. found that the neointimal cell proliferation was unaffected by ACE inhibitor 10 days after injury of rat carotid arteries [25] . Indeed, it has been shown that ACE inhibitor has more inhibitory effects on the cell migration than proliferation [13] . The reason for neointima area changes could rather be an alternated matrix accumulation. This process was delayed at early time points under ACE inhibitor resulting in neointima reduction with a consequently elevated cellularity. However, in mature neointima the matrix production was augmented with subsequent neointimal growth leading to a similar neointimal area formation as in the other investigated group. The explanation of this phenomenon may be a significant increase of the collagen specific HSP47 expression in the neointima under ACE inhibitor vs. no treatment at day 28. The mitigated control of matrix accumulation by ACE inhibitor could result from a missing effect on the collagen I expression, which was seen in atherosclerotic plaques modified by ACE inhibitor administration [26] .
Another finding of the present work is the identification of dendritic cells in the neointima, mostly at early time points after balloon trauma. The detection of these cells in association with neointimal hyperplasia has already been demonstrated by our group in other restenosis models [9, 10] . Current results showing the upregulation of AT1R on the surface of dendritic cells implicate these cells are not only initiators of immunologic processes,but also mediators of AT1R actions. Moreover, the positive double staining for dendritic cell markers and collagen protein HSP47 demonstrates the ability of dendritic cells to influence the accumulation of extracellular matrix, which, all together, points to a key role of these cells in the neointima formation.
In conclusions, our present study demonstrates the beneficial effect of ACE inhibitor on the vessel remodelling due to a transient neointima reduction and a longterm media hypertrophy inhibition after balloon carotid injury in spontaneously hypertensive rats. The identification of AT1R positive dendritic cells in early neointima makes these cells important targets for therapeutic strategies involving modulation of the renin-angiotensin system.
